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Abstract 

Recently interest in GUT baryogenesis has been resurrected due to the observation that B-violating dimension seven 
operators that arise in grand unified theories that also violate B — L produce baryon asymmetry that cannot be wiped 
out by splialeron processes. While a general analysis of such higher dimensional operators from a bottom up approach 
exists in the literature, a full analysis of them derived from grand unification does not exist. In this work we present 
a complete analysis of B — L = —2 operators within a realistic SO(IO) grand unification where the doublet-triplet 
splitting is automatic via a missing partner mechanism. Specifically we compute all allowed dimension five, dimension 
seven and dimension nine operators arising from matter-Higgs interactions. The relative strength of all the allowed 
B — L = —2 operators is given. Such interactions are useful in the study of neutrino masses, baryogenesis, proton 
decay and n — n oscillations within a common realistic grand unification framework. 
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1 Introduction 


Analyses of higher dimensional operators within an effective field theory framework to explore physics beyond the 
Standard Model has a long history [U[U[3i[ii[5i[6i[7i[8i[9i nni ini mi na nu na nn uri nn nu noi nn nu ng. 
Included in such effective theories are B — L violating operators. Such operators already appear in the study of see 
saw neutrino masses and in the study of n — n oscillation and have gained further interest recently in the context of 
GUT scale baryogenesis |24l 1251 I26| . Thus while baryogenesis arising from baryon and lepton number violating but 
B — L preserving interactions from GUT models is wiped out by sphaleron interactions which violate B + L and pre¬ 
serve B — L, this is not the case for B — L violating interactions. The simplest GUT model SU(5) with renormalizable 
interactions and R parity conservation has only B — L preserving interactions and is not a desirable model for GUT 
scale baryogenesis. However, SO(IO) models [271128| can generate B — L violating interactions. While a significant 
amount of work has been done recently in the study of baryogenesis within SO(IO) using B — L violating interactions 
[251126] . to our knowledge there is as yet no complete analysis of B — L violating interactions that arise in SO(IO). 
In this work we give a full and rigorous analysis of such interactions and compute dimension 5, 7 and 9 B — L = — 2 
interactions within a class of SO (10) models where the B — L violating operators arise from matter-Higgs interactions. 
The model we consider has a natural doublet-triplet splitting within the framework of a missing partner mechanism 
[2911301 |3UI32[ (for a recent application of SO(IO) missing partner model see 23)- While our analysis is done within 
a specific model, it is likely to be applicable to a broader class of models where the light spectrum is that of MSSM. 

The outline of the rest of the paper is as follows: In Sec. ©, we give the details of the SO(IO) model. Here, we 
also discuss the spontaneous breaking of the SO (10) GUT symmetry down to the symmetry of the Standard Model 
gauge group, i.e., the symmetry SU(3)c x SU(2)l x U(1)y using 126 + 126 + 210 multiplets. The GUT sector of this 
model is the same as discussed in [SJ . The symmetry breaking in these models was investigated in ESI where a cubic 
equation for spontaneous symmetry breaking was obtained. The models of [34j had in addition 10-plets of Higgs and 
were later extended to include 120-plet of Higgs l36i . Further applications of such models were made in a number of 
works 1571 1551 159] . While the GUT sector of the model considered here is identical to the previous works the model 
overall is different for the following reasons: In the usual GUT models to which the works listed above belong, the 
choice of the Higgs content is arbitrary. For example, in the previous models one can add any number of additional 
Higgs fields, such as one or more 10-plets and 120-plets as there is no principle that restricts it. In the missing partner 
model the Higgs sector is strictly constrained and in SO(IO) only few examples are known [3111321 . Specifically the 
GUT sector must be enchored either in 126 + 126 or 560 + 560. Even more stringent is the constraint on the light 
Higgs sector, i.e., the sector which provides a component to the light Higgs doublet. Thus once an anchor in the GUT 
sector is assumed the light sector cannot be chosen in an arbitrary fashion as is possible in the usual GUT models. 
This is needed to satisfy two constraints: first to ensure that the light sector has an excess number of Higgs doublets 
by one over the heavy Higgs sector while there is an exact match of the Higgs triplets/anti-triplets between the light 
and the heavy sectors. This ensures that all Higgs doublets will become heavy except one and all Higgs triplets will 
become heavy because of mixing between the light and the heavy sectors. Second, that all the exotic fields in the 
light Higgs sector will become heavy as a result of mixing with the heavy Helds. These constrains are strong enough 
to eliminate a large number of models except the ones listed in EU|32]. For example, for the case when the GUT 
sector is assumed to be 560 + 560, which breaks the GUT symmetry down to SU(3)c x SU(2)l x U(1)y, the light 
sector must consist only of the fields 2 x 10 + 320. Further, no masses are allowed for the light sector and the mass 
generation is allowed only via mixings with the heavy sector. This automatically requires several couplings to vanish. 
The model we consider here requires us to choose in an unambiguous manner a light sector which is 2 x 10 + 120. 
The doublet-triplet splitting has been an Achilles heel of grand unification and the missing partner mechanism is one 
of the ways the problem can be redressed. Thus SO(10) model which contains many desirable features coupled with 
the missing partner mechanism provides a natural framework for grand unification. 

In Sec. ([3]), we give details of the doublet-triplet splitting and determine the linear combination of the fields in the 
2 x 10 + 120 plet of Higgs that produce a pair of light Higgs doublets. In Sec. 0, we give analysis of the B — L = — 2 
operators arising from matter-Higgs interactions. A discussion of results is given in Sec.©. Conclusions are given 
in Sec.(6). Further details of the analysis are given in several appendices. In Appendix A, we define the notation 
and give the decomposition of the SO(10) multiplets in terms of the SU(5) multiplets. Appendix B contains the 
reduction of 24, 45, 50, 75 plets of SU(5) fields in terms of component states with SU(3)c x SU(2)l x U(1)y quantum 
numbers. These fields enter in the spontaneous breaking of GUT and electroweak symmetry. In Appendix C, we give 
additional details of the GUT symmetry breaking. In Appendix D, we give a further discussion of the following sets of 
SO(10) Higgs couplings in SU(5) x U( 1) decomposition: 10 • 126 • 210, 10 ■ 126 ■ 210, 120 ■ 126 ■ 210 and 120 ■ 126 • 210. 
These couplings enter in the doublet-triplet splitting. The analysis of these couplings is based on the oscillator 
mechanism 1401 141] using techniques developed in [4211431 [44i 1451 1461 1471 [48l . An analysis of such couplings in Pati- 
Salam subgroups was given in earlier works of [37i l49| using techniques of [49). Finally in Appendix F we exhibit 
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some of the coefficients of B — L = — 2 operators. In this work we do not discuss B — L violating interactions that 
arise from four-point Higgs interactions. There are a large number of such interactions and they include couplings of 
the type (126 x 126) r • (X x Y) r and (126 x 126)r. • (A' x Y) r where X,Y = 10, 45, 54, 120, 126, 126, 210. Many 
of these operators are discussed in [25]. A full analysis of the B — L violating interactions from this set is outside the 
scope of this work and requires a separate analysis. 


2 The SO(IO) model 


The SO(IO) model we discuss has the following particle content [321 

126 (A pH pa I26(A m „ pctA ), 210(3 w ct ), 10 i(T„), 10 2 ( 2 T^), 120(E„„ a ). (1) 

Here the fields 126 + 126 + 210 constitute the heavy sector while the fields 2 x 10 + 120 constitute the light sector. 
Additionally, the model contains three generations of matter fields which reside in three copies of 16-plet spinor 
representation of SO(10). The light fields consisting of 2 x 10 + 120, together with the heavy sector, generate the 
desired doublet-triplet splitting and make all the triplets and doublets heavy except for one pair of Higgs doublets. 
This will be discussed in detail in the next section. Here we discuss the breaking of the SO(10) GUT symmetry to 
the Standard Model gauge group. The spontaneous breaking of the GUT symmetry for this model was first discussed 
in [35]. Here we discuss it to set up the framework for the discussion in the following sections. Thus the breaking 
comes about as follows: The 126 + 126 multiplets reduces the rank of the group and the 210 plet breaks the rest of 
the gauge symmetry down to the Standard Model gauge group. The superpotential that breaks the GUT symmetry 
is 

WgUT — VTl<& & pis at; ^ pis at; T 777A T pisa£ t *&a£ t pT^ papis T 7]^ pisat; A^ v p T ^ A a £p T £, (2) 

where m# is the mass of the 210-plet field and ttt-a is the mass of the 126 + 126 multiplets. The fields that develop 
VEVs are SU(3)c x SU(2) L x U(1) Y singlets: Si 126 , Si_, Si 2io , S 2 4 210 , S 7 5 210 ■ Here for example S 2 4 210 means that 
the Standard Model singlet is in the 24 plet of SU(5) contained in the 210 plet of SO(10) (See Appendix B for further 
details). The superpotential, when expanded in terms of these Standard Model singlets, gives (see Appendix C for 
details) 
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Vanishing of the D-terms implies Si = Si_, while the F-terms yield 
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For the sake of brevity, we define 
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Note that Si can be immediately solved for and is given by 

Si 210 =40 Ma. 

Except for a trivial solution, S 2 4 satishes a cubic equation 


9S| 42io + 24S 2 4 2lo (28 Ma-45M<i>) + 64S 2 4 210 (320M1-279MAM* 
+972A4|) + 13824 (Ma - 2Mz) (4A4a + 3M$) 2 = 0. 


(3) 


(4) 

(5) 

( 6 ) 

(7) 
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Once S 24 is determined, S 75 and Si = Si are given by 


Si • Si 

126 X T26 


5 [s| 42io +24S 2 4 210 (M±-2M*)\ 
6 [1S 2 4 210 + 8 (4Ma A 3M *)] 


Vj 216 (1S 2 4 210 + 32Ma + 24M* 

- 1728S 2 4 210 (7M 2 a - 7MaM$-6MI) 

- 13824A4a (3Ma - 2 M<t) (4 Ma A 37M*)] . 


y [ 5S 24 2 io - 32Sl4 210 (8Ma A 39 M*) 


( 8 ) 


(9) 


Thus all the VEVs, i.e., Si , S 75 2iq , Si , Si_ can be determined in terms of just one VEV, i.e., S 2 4 21q using 

the minimization conditions Eq.0. We note that the VEVs depend on all the four parameters mA, m*, A and 17 . 
Table [2] gives the numerical estimates of these Standard Model singlets. Note that in Table [2] corresponding to each 
set of Ma and M$, there exists three solutions for S 2 4 210 as given by Eq. ©. We note that the cubic equation for 
spontaneous symmetry breaking exhibited in Eq. 0 was first obtained in the work of [35i . 


3 Light and heavy Higgs fields after spontaneous breaking of the 
GUT symmetry 

As mentioned in Sec. 0 , the doublet-triplet splitting arises as a consequence of mixing between the light sector 
consisting of 2 x 10 + 120 plets of Higgs fields and the heavy sector consisting of 126 + 126 A 210 of Higgs fields. 
The interactions mixing the light and the heavy fields are given in Appendix D. As discussed in [323 the light sector 
contains four pairs of Higgs doublets and four pairs of Higgs triplets/anti-triplets while the heavy sector consists of 
three pairs of Higgs doublets and four pairs of Higgs triplets/antitriplets leaving only one pair of light Higgs doublet. 
This light Higgs doublet pair is, in general, a linear combination of the Higgs doublets in the 10-plets, in the 120-plet 
and in the 126-plet of Higgs fields and there is no component of it in the heavy Higgs sector which breaks the GUT 
symmetry. Actually it turns out that the light Higgs field in the present model is a linear combination only of the 
Higgs doublets that arise from the 10i + 10 2 plets and from the 120 plet of SO(10) Higgs fields. In this section, we 
discuss the details of the analysis to determine the exact combination of these doublets in the residual light doublet 
pair. The superpotential that enters in the doublet-triplet splitting is given by 

Wdt = A iy A Br T^T C A C Yjf_uy(j , (19) 

where r = 1,2. Next, we exhibit the Higgs doublet pairs (D) consisting of up- and down-type Higgs and Higgs 
triplet/anti-triplet pairs (T) that participate in the missing partner mechanism. Note that we could have added the 
following set of terms to Wdt allowed by the gauge invariance of the theory 


A Wdt = m rs 10 w ■ 10 (s) A As 120 ■ 120 A A^o.^q 10 (r) ■ 120 • 210 A A 120 2 . 210 120 • 120 • 210 
The missing partner mechanism requires 

m rs = 0, Ae = 0, A 4 q( 12 q. 21 q = 0, A 12 q 2 . 210 = 0. 
which represents a significant reduction of parameters. 

1. Pairs of D and T in the Heavy Sector 

126 Al26 D 2D j ^ (5 i2e ) D a , ( ® 12e) D a j ; (H5i 26 ) D a ( 45 ^)^ j + 3T j 
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2. Pairs of D and T in the Light Sector 
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( 11 ) 

( 12 ) 
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Table 1: Symbolic representation of up-type and down-type Higgs doublets, and Higgs triplet and anti-triplet pairs 
in the SO(IO) missing partner model discussed in this work. 
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3. Residual Set of Light modes: ID 




Here, for example, ( 45 i 2 o)D a means that the doublet is in the 45 plet of SU(5) contained in the 120 plet of SO(IO). 
Here a = 1,2,3 and a = 4,5 represent SU(3) color and SU(2) weak indices, respectively. The result of the above 
analysis is summarized in Table [I] The mass terms for the SU(2) doublets in the superpotential can be written as 
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where the doublet mass matrix Md receives contributions from ?? and Eq. uni) and is given by 
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( 15 ) 


Substituting the values of Si 210 , S 7 s 210 , Si 126 , Si TJS . in terms of just one VEV, i.e., S 2 4 210 , all the matrix elements 
of Md can be determined in terms of a single VEV, i.e., S 242 io- An illustrative example of the numerical sizes of 
Si 2 io, S 2 4 210 , S 7 5 210 , Si 126 is given in Table [2] The matrix Md is non-symmetric and is diagonalized by two 7x7 
unitary matrices Ud and Vd- 

Ud}MdVd = diag(0, m da , m d3 , •• •, m d7 ) . (16) 

The columns of the matrices Ud and Vd are the eigenvectors of matrices M d 'Md and MdMd' respectively, 

U\[M ] d Md\U d = diag (0, m 2 2 , m 2 3 , • • ■, m 2 , 7 ) = V}[M d M*]V d . (17) 


The mass eigenstates of the Higgs doublet fields are expressed in terms of the primitive Higgs doublet fields through 


( 14 ) 
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Ma (GeV) 

At* (GeV) 

Si (GeV) 

1 210 v > 

S24„ ln (GeV) 

S 75 (GeV) 

'°210 V > 

Si (GeV) 

1 126 V ’ 

10 15 

10 15 

4 x 10 16 

1.10 x 10 16 

-1.78 X 10 15 

21.28 X 10 16 

4 x 10 16 

(1.72 - 28 .08) X 10 16 

(-2.94 - 24.20) X 10 16 

(1.38 + 22.75) X 10 16 

4 x 10 16 

(1.72 + 28.08) X 10 16 

(-2.94 + 24.20) X 10 16 

(1.38 - 22.75) X 10 16 

6.67 x 10 15 

6.67 X 10 15 

2.67 X 10 17 

7.36 x 10 16 

-1.19 X 10 16 

28.57 X 10 16 

2.67 X 10 17 

(1.14 - 25.39) X 10 17 

(-1.96 - 22.80) X 10 17 

(9.23 + 218.4) x 10 16 

2.67 X 10 17 

(1.14 + i5.39) X 10 17 

(-1.96 + z2.80) X 10 17 

(9.23 - 218.4) x 10 16 

1.25 X 10 16 

1.25 X 10 16 

5 X 10 17 

1.38 x 10 17 

- 2.22 x 10 16 

2 I. 6 I X 10 17 

5 X 10 17 

(2.14 - ilO.lO) X 10 17 

(-3.67 - 25.24) x 10 17 

(1.72 + 23.44) x 10 17 

5 X 10 17 

(2.14 + zlO.10) X 10 17 

(-3.67 + 25.24) x 10 17 

(1.72 - 23.44) x 10 17 

6.67 X 10 15 

2 x 10 16 

2.67 X 10 17 

1.66 X 10 17 

- 1.02 x 10 17 

26.51 X 10 16 

2.67 X 10 17 

( 8.68 - il2.49) x 10 17 

(-1.84 - 27.71) X 10 17 

(1.65 + 23.17) X 10 17 

2.67 X 10 17 

( 8.68 + zl2.49) x 10 17 

(-1.84 + 27.71) X 10 17 

(1.65 - 23.17) X 10 17 

2 x 10 16 

6.67 X 10 15 

8 X 10 17 

-1.15 X 10 17 

-6.24 x 10 15 

2.41 x 10 17 

8 X 10 17 

(-2.89 - 28.96) X 10 17 

(-5.69 - 23.87) X 10 17 

(2.87 + 25.36) X 10 17 

8 X 10 17 

(-2.89 + 28 . 96 ) x 10 17 

(-5.69 + 23.87) X 10 17 

(2.87 - 25.36) X 10 17 


Table 2: A Numerical estimate of the VEVs of the Standard Model singlets in 210, 126 and 126-plets arising in the 
spontaneous breaking of the SO(IO) GUT gauge symmetry under the assumption A = r/ ~ 1 and Si l2g = Si_. 
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We identify the light Higgs doublet pair to be ( 1 D^, to" 1 ) = (Hd 0 , H u “) while all the remaining mass eigenstates 
of the Higgs doublets are superheavy. Thus, the inverse transformation of Eq. m gives 


and 


( 5 l 0 l) D a = Vd^Hda + ••• ; 
(5l26)D a = Vd,, H da + ■ ■' . 


( 5 io 1 ) D “ = [/ dii H u a + ..., 
(5i26)D a = U d41 H u “ + • • •. 


(5102 )D a = Vd 21 H da + • • •, 

( ® 21o) D a = Vd B1 H da H-, 

(«T2e)D a = U d71 H da + ■ • • , 

( 6 io 2 ) D a = Ud 21 H u a + • • •, 
(S 2 io) D a = f / d5i H u “ + ... ) 

(45 126 ) D a = [/ H u a ‘ ■ 


(Si20) Da = v d31 H da + -.-, 
(55l20, D a = V dei H do + ---, 


(5l20) D a = [/d3i H u - + ... 
(45l20) D <l = Ud6i U u a + ■ ■ 


(19) 


( 20 ) 


where + • • • stand for heavy Higgs doublet fields. The heavy Higgs doublets are to be integrated out and do not 
appear in the effective low energy theory. The matrix elements Ud kl and Vd fcl are functions of S 24 21Q except for 
k = 4 , 5, 7 for which Ud kl = 0 = V,i kl ■ The numerical values of Ud kl and Vd kl , k = 1, 2, 3 , 6 are given in Table 
03 and Table [1] Again note that in Tables 03 and [T] corresponding to each set of M a and Af#, there exists three 
solutions for Ud kl and Vd kl . This is simply because S24 210 satisfies a cubic equation Eq. ©■ 

In summary, all the eigenvalues of the doublet Higgs mass matrix given by Eq. HI are superheavy except one pair 
which is massless and corresponds to the electroweak Higgs doublets of MSSM. The zero eigenmode is determined 
by transformation matrix elements Ud kl and Vd kl where k = 1, ■ • •, 7. 
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Ma (GeV) 

M 4, (GeV) 

u dll 

U(i 2 i 

Ud 31 

U<i 61 



0.388 + i0.273 

-0.394 - 20.277 

-0.00 732 - 20.005 1 6 

-0.602 - 20.424 

10 15 

10 15 

0.133 - 10.0527 

-0.203 + 20.174 

-0.0847 + 20.149 

-0.821 - 20.453 



0.133 + 10.0527 

-0.203 - 20.174 

-0.0847 - 20.149 

-0.821 + 20.453 



-0.341 - i0.330 

0.347 + 20.335 

0.00644 + 20.00622 

0.530 + 20.512 

6.67 X 10 15 

6.67 x 10 15 

0.0126 - ^0.143 

0.0654 + 20.259 

0.0954 + 20.142 

-0.772 + 20.532 



0.0126 + 20.143 

0.0654 - 20.259 

0.0954 - 20.142 

-0.772 - 20.532 



-0.474 + 20.0142 

0.482 - 20.0144 

0.00895 - 20.000268 

0.736 - 20.0220 

1.25 X 10 16 

1.25 X 10 16 

0.132 + 20.0571 

-0.267 - 20.0200 

-0.165 + 20.0455 

-0.260 - 20.900 



0.132 - 20.0571 

-0.26 7 + 20.0200 

-0.165 - 20.0455 

-0.260 + 20.900 



-0.125 + 20.0773 

0.130 - 20.0804 

-0.00623 - 20.00386 

0.831 - 20.515 

6.67 X 10 15 

2 x 10 16 

-0.0806 - 20.197 

0.131 + 20.436 

0.0612 + 20.293 

-0.5 76 + 20.571 



-0.0806 + 20.197 

0.131 - 20.436 

0.0612 - 20.293 

-0.576 - 20.571 



-0.631 

0.634 

0.00396 

-0.448 

2 x 10 16 

6.67 X 10 15 

0.0792 + 20.0411 

-0.0542 + 20.0561 

0.0306 + 20.119 

-0.947 - 0.273 



0.0792 - 20.0411 

-0.0542 - 20.0561 

0.0306 - 20.119 

-0.947 + 0.273 


Table 3: A Numerical estimate of the elements of the zero mode eigenvectors using the analysis of Tableland under 
the additional assumption a — bi ,2 = c = c ~ 1. 


The mass terms for the SU(3) color triplets in the superpotential can be written as 

( \ 

( 5 i o 2 )J q 

(5l20)j Q 
(5l26)y 
(521oh“ 

_ I Oi 

(4Bi2o)j Q 

(45T26>T q 

\(S0i2 6 y Ta J 

where the triplet mass matrix Mt receives contributions from ?? and eq. CD3 and is given by 


^(5l0i)y Q (5 io 2 )y Q (Sl 2 o)y“ ( 5 21 o)ya (45i 20 )-pa (45i2 8 )-pa \ ^ 



0 

0 

0 



t6 


0 


t2 

ti 

0 

0 

t5 

t4 

tn 

tl3 

Sl \ 


Si t13 

tl2 

■*"126 / 


t 7 

0 

0 

0 

tl6 

0 


0 

0 

0 



0 

0 


t8 



tl 5= 


a 

- 

2^5 126 


( 21 ) 



t9 


0 

0 


0 tl6 


0 0 



tl4 0 

0 tl5 
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Ma (GeV) 

(GeV) 

v dll 

^ d 21 

^ d 31 

^61 



-0.00831 

0.547 

-0.0102 

-0.837 

10 15 

10 15 

-0.140 

0.252 - 20.0900 

-0.171 

-0.0119 + 20.0.938 



-0.140 

0.252 + 20.0900 

-0.171 

-0.0119 - 20.0.938 



0.00831 

-0.547 

0.0102 

0.837 

6.67 X 10 15 

6.67 X 10 15 

0.140 

-0.252 + 10.0900 

0.171 

0.0119 - 20.938 



0.140 

-0.252 - 20.0900 

0.171 

0.0119 + 20.938 



0.00831 

-0.547 

0.0102 

0.837 

1.25 X 10 16 

1.25 X 10 16 

-0.140 

0.252 - 20.0900 

-0.171 

-0.0119 + i0.938 



-0.140 

0.252 + 20.0900 

-0.171 

-0.0119 - 20.938 



0.00605 

-0.154 

0.00741 

0.988 

6.67 X 10 15 

2 x 10 16 

0.243 

-0.451 - zO.0385 

0.298 

0.438 - i0.675 



0.243 

-0.451 + 10.0385 

0.298 

0.438 + *0.675 



-0.00417 

0.817 

-0.00511 

0.577 

2 x 10 16 

6.67 X 10 15 

0.100 

-0.0408 + 10.0664 

0.123 

-0.500 - i0.848 



0.100 

-0.0408 - 10.0664 

0.123 

-0.500 + 20.848 


Table 4: A Numerical estimate of the elements of the zero mode eigenvectors using the analysis of Tableland under 
the additional assumption a = 61,2 = c = c ~ 1 . 
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t3 

U 

t5 

t 6 

1 7 
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tl3 

tu 

tl5 

tl6 


_V3 1 

10 bl21 ° + 10%/3 24210 
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V30 Sll2e ’ 


12V5 


10V2 3l21 ° + 20V2 S2421o J ’ 

S 24„ ln + — S 7 5 onn 


’ 210 ’ 12^30 
1 „ 


—c 
a 


24%/3 

72 S24210 + 367l0 S752 

2o71 Sl210 + 4 o71 S24210 


12V5 S75210 ’ 

6o71 S2421o+ 367iI S75210 


2 mA + T) 

5VT5 Sl21 ° + W\[5 S24 ™ 

2777/$ + A 

3 „ , 1 „ 

10^2 1210 +T5 24210 J 

5 

— 7lSi , 

5 1 126 ’ 



771A, 



1 

-771A +7? 
0 

r 1 0 , 1 . 


.60+L5“ ±21 ° ' 180yi5“^ 210 


60^6 75210 


- 45^10 ■ 


( 23 ) 



































































Substitution of Si 210 , S75 210 , Si 126 , Si_ in terms of S24 210 , gives all the matrix elements of the Higgs triplet mass 
matrix in terms of one VEV. The Higgs triplet mass matrix Mt is diagonalized by an 8 x 8 biunitary transformation 

Ut^MtVt = diag(m tl , m t2 , • • •, m tg ) . (24) 

There is no zero mode in the triplet mass matrix and all the eigenvalues of this matrix are superheavy. The triplet 
Higgs mass spectrum is, of course, central to the study of baryon and lepton number violating dimension five oper¬ 
ators leading to proton decay (for a review see [50l |51| ). which can act as a discriminant for a variety of GUT and 
string models (see, e.g., [52]). 


4 B — L = — 2 operators from cubic matter-Higgs interactions 

In this section we compute the B — L = — 2 interactions arising in the model discussed in section 2. The B — L vio¬ 
lating interactions arise as a consequence of the singlets of 126 and 126 gaining VEVs. In turn this VEV formation 
gives mass to the singlets of the 16-plets of matter. Thus the heavy fields in the model after spontaneous breaking 
of the GUT symmetry consist of all of the Higgs fields except for a pair of light Higgs doublets and in addition the 
singlet fields arising from the 16-plets of matter. From the couplings of Higgs with matter we are interested in pulling 
out only the parts that give B — L = —2. To obtain a low energy effective Lagrangian which contains B — L = —2 
violations, we integrate on the heavy fields which can generate such interactions. In this analysis we will focus on 
B — L = —2 interactions arising from the elimination of 5 + 5, 45 + 45 fields (excluding the light modes) and the 
matter singlets. The elimination of 10 + 10 will not be considered as this requires a further overlapping analysis of 
Goldstones in the 50(10) symmetry breaking and their absorption in the 10 + 10 gauge vector bosons to make them 
heavy in the symmetry breaking of 50(10) and a full analysis of this is outside the scope of this work. Returning to 
the integration over 5 + 5, 45 + 45 extra care is needed in handling the integration. This is due to a mixing between 
the doublets and the triplets arising from 5 + 5 and 45 + 45. Further, the doublet mass matrix has a zero mode which 
must be extracted before integration on the heavy Higgs doublets can be performed. Similarly, integration on the 
45 + 45 requires that we first extract out the doublet and the triplets modes before integration on them. We follow 
the following path in integration of the heavy fields: First we integrate on the matter singlets and then integrate on 
the remaining heavy Higgs fields. Another integration path is found to give the same result. 

We begin by displaying the cubic matter-Higgs couplings which consists of 16 ■ 16 - 10, 16 ■ 16 ■ 120 and 16 ■ 16 ■ 126 
couplings. In SU(5) decomposition (for notation see Appendix A) they are given by [421 


p [/(16 1610 ) 
^( 1616120 ) 

^( 1616126 ) 


where the front factors 
f (-±) = i (A )±A )\ 

J xy 2 \ J xy J yx /’ 


= 12 V 2 f£° r+) (m% Myi H<. 10r) - Mi M yi H (10r)i + icy Hm MV Mj' H (10 ” )m ^ , (25) 


2 

vr 




2 Mi M tfi H (120)i + MV M s H< 120) + M« M tfj - H (120)ij ' 


MV Myi Hj 120) + Mu M J / H£“"* - - A t ijhlm MV M“" H 

2 „iT5fi 
LE 

1 


.jk 11 (120)i 


l\ij |\/l mn ii(120)fci 


^/ir +) My H (126) - ^ 3 Mi Myi H (126)i + Mi M« H 8 ( f 6) 


8%/3 
1 

12y/2 


tijkim MV H (126)m - Mi; Myj h[* 26W + MV My k H^ 26)fc 


tijkim M T Mf s 


(26) 


(27) 


/iy ± '* i n Eg. (125l) -Eg. (1271) exhibit the symmetry and anti-symmetry in the generation indices: 


Next we assume that because of spontaneous symmetry breaking the singlet field in the 126-plet of Higgs field 
develops a VEV, i.e., < H 1126 ^ > = Si__ ^ 0, which gives mass to the singlets in the 16-plet of matter fields. 

Collecting the terms which contain the singlet fields of matter from Eo. (l25l) -Eo. (l27ll we have 


i(120)i 


W = M £ ^-i2V2f^ 0r+) M^ H (10r)i H ( 

-*^14r +)M ^ h(T55)! }+^ 


( 28 ) 


9 



In the above equation the mass term for li6 violates B — L. Next eliminating IVU through 


following 4-point matter-Higgs interactions: 


6 

W = J2 Wi ’ 

i= 1 


dW 

dM* 


where 


0, we get the 


(29) 


Wi = Ma H (10r)i [/ (10r+) /(i 26+) 1 / (10s+) l Myj H 

Si_ L s .. 

Tor x y 


(10s)j 


VF 2 = 


—*2 J- M* H (120)i f/f 120 -) / ( la6 +)- 1 / d 2 o-)l M « H 

V 3 L 


(120)j 


(30) 


(31) 


W 3 




r(126 + ) 
J xy 


M« H 


(126)j 


(32) 


W 4 = 0 1 *2^10 Mii H (10r)i [/ (10r+) / (126+) 1 / (120_) 1 Mjj H (120)i , 

Si L -1 

(33) 

126 y 


W 5 = 1 zV2 H (120)i ft 120 -) Mjjj H (T55w , 

Si xy 

(34) 

126 


W 6 = 1 iVs M ±i H (1 ° 7 ' )i /(! 0r+) Myj H (T25) U 

(35) 


1 _ 

126 


The 5-plets of Higgs can produce heavy Higgs doublets and triplets and their decays violate B — L. Further their 
couplings carry new sources of CP violation not subject to CKM constraints and can be large. Thus these decays 
can be used to produce GUT scale baryogenesis using standard techniques (see, for e.g., 1241 1251 l53l 'l. As pointed out 
in (241 1251 a baryon number excess produced this way in the early universe will not be washed away by sphaleron 
interactions at the electroweak scale. We now compute the relevant d = 5, d = 7 and d = 9 operators arising from 
the above matter-Higgs interactions. 

4.1 Operators arising from H( 10s ) J 

Here the Higgs fields could be doublets or triplets. Thus we have three possibilities, i.e., that both the fields are 
doublets, both are triplets or one is a doublet and the other a triplet. Thus we write 



Wi = 1 iVl5 M ±i H (10r)i [/ (1<v+) / (126+) 1 / (10s+) j 

1 126‘ 

Myj H (10 * w 

xy 


TT7-DD 1 TT tTT 

= Wi + Wi 

+ wr, 

(36) 

where 

W? D = 

£% s) M ta M ib H (10r) “ H (10s)b , 

(37) 


wr = 

£ { r M y P H' 10 ”^ h ( 10s)/3 , 

(38) 


T rzDT _ 

Wi = 

2 H(10, ' )a h(10<,)q 

(39) 

and where 

c (rs) _ 1 

- (*v^5) [/( 1 °r+) / (nff+)- 1 / (io.+)] 

(40) 

xy 


** ~ Si 

126 


Next we obtain effective operators at low energy from each of the terms Wf 0 , Wi T , W\ T . 
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4.1.1 Evaluating W[ >D 


wr D ' = y sif m„. 


r,s = l 

l 


U drl H u “ + Y, U ’>rM «u 
M=2 

-^=e ijkla MV' MV YYf£ 0r+) u drN 

N =2r=l 
7 2 

+12V2 MV M tfi YJ2C 0r+)Vd rN 'WdJVa 


U dsl Hu 6 + ]T [/ dsJV w 


b 

u N 


+ -Z E md iV WSiV HdNa- 


( 41 ) 


In Ea. (14111 . for example, "Hd 2 a = 2 D(j, ltd 3 a = 3 D(,,., Hu 4 = 4 D ,a , "Hus = 5 D ,a ,. and that the second and third 

dW! 0 ' 0 ' dWf D ' 

lines come from the 16 ■ 16 ■ 10 coupling. Eliminating H^n and 'HdNa through — = 0 and -- = 0, we get 

VrtuiV OHdNa 

B — L = —2 operators with four fields consisting of two matter fields and two light Higgs fields, operators with five 
fields one of which is a light Higgs field and the other matter fields, and operators with six matter fields. In addition 
we also get B = 0, L = 0 operators with four matter fields. Thus we have 


W( JD ’ = 


Y 47 )U drlU dsl Ua Ub H u “ H u 6 

r,s=l 


+16 ^Liia Ub Q T U a QT Up + e ac e° a L da Ub EV L ic EJ L id 
+e bc Ua Ub Q 7 U a Ef U + t ac Ua Ub E^ L ic Dj a ] 

pM {E.s=l ftf£ a+ '*Vd aM | \ g(j>q) ( ^2 ^ dqN {^-' 7 '= 1 f7° r + ^drN } 



p,q= 1 \M =2 


m d A 


m dn 


+18V2 [u a Ub Q$“ D C ic Hu“ + e bc Ua Ub Ef L ic H u “] 


7 {eL=i {ELi/r +) ^v} 

x E A -—-- 

N=2 


m d A 


-16 [e 5 > Ua U^ Q Qr + tab QSi“ D| a U c ^ Q 6 /] 
;; 7 {EE/^ +) t/+v}{ELi/i^ +) ^} 

^ m djv 


(42) 


N=2 

TT 


4.1.2 Evaluating 

For the case when both the Higgs fields are triplet, they are both superheavy and their elimination leads to the 
following set of terms 


tt rTTf 

W 1 = 


16 |e-'-e 

0-7(5 


oc^S 17C t7 c tt c p| c t t c pj c _i_ 77 c 77 c Ci aa T , Ci b P T - 
ua. l-'vB ^ w'y *- f x 5 u yn zis 1 uot ^vB xa 


+e 


U a Up UV 7 Us Qf Ua + e PlS U a Up QT Ua U $ 7 D c i5 ] 


2 (Y ^m{ELi/^° s+) ^m} ' 


p,q =1 \M=1 


m *A 


c(pi) 
^uv 


_L u. 


E 


/ V 2 f(U 


(10r+) 


v> 


N=1 
a/3 /^\boc 




+8 [2e Q ^ U a Up E c y U-y + 2e ab U a Up Qf Qi 

+ 2 Qr Ua Ef U| a - tbatcp^y Q 7 Ua Q^ 7 ] 
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X 


(43) 


E 


{eE fi\ 0 r+) ut rN } {eLi /E + e sW } 




Here the top two lines give us the B — L = — 2 operators with six matter fields while the bottom two lines give us 
B — L = 0 operators with four matter fields which include B violating and L violating operators. 

4.1.3 Evaluating W^ T 

Here we have one Higgs field which is a doublet while the other field is a triplet. Since the doublet fields have both 
light and heavy modes while the triplets are all heavy, we get a combination of B — L = — 2 operators with five fields 
and with six fields. Additionally we get B — L = 0 operators with four fields as follows 


W? 1 ' = 


-*8^2 [e a/37 Db a U a XJ^ H u a + L ia Q b f L ib H u 
8 lv 2 Uh s^Ut \ tr 2 \ 

r y/-jp,q—l lJ dpi ( -' wx j y 2-^ s=l J yz v ^sN j 

N= 1 


m tj, 


-64 [e^L*. D c tfQ Eb L ±b L ic + L* a D^, a Q“ p D c fp D‘ 
+e a ^e ab U a D c , a Eb L £b U c ^ D c i7 + L ia D c , a Q“f Q%* L £ 


p,q=l \M =2 


m dA 


Ev{EE/E + E rW } ' 


iV=l 
a/3 ba 


m t. 


+8 [2e“^ 7 Ub Q D c i/3 Ej U| 7 + 2e a6 U^ a D c i/3 Qf Q' 
+2 Q““ U a E c s UL - et^/3-y QST L ia Q^f Qf ] 

E {EE fiT +) Ut rN } {EE f£° s+) Vt sN } 

X 

-16 [e5 Ua UE Q““ + e a6 QS? D| a Q*f ] 

E {EEE° r+) ^wv} {EE f£°° +) v dsN } 
x ^ 1 - 




(44) 


4.2 Operators arising from H^ 120 ^ M^ H^ 120 ^ 

The analysis of this case is very similar to that of W 2 and the two Higgs fields can be either both doublets, both 
triplets or one doublet and one triplet. Results are as below 


W 2 = -- 


sjl M* [ / (»o-) / (i2fl+)- 1 / 


( 120 -) 


M 11 j H 


= Wf D + W? T + W 2 


(45) 


where 


and 


WT 

wl 

Wo 


Tiy M ±a Mj} 6 H (120)a H (120)f> , 
Tiy M ia Myf, H (120) “ H (120)/3 , 

(120)a |_j(120)a: 


2T±^ Mia M^a H 


Tty - g 


i2 


(120-) f (126+) _1 y(120—) 




(46) 

(47) 

(48) 

(49) 
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4.2.1 Evaluating W^ )D 


Wf D ' = Ul^iy Ua Ly b Hu“ Hu 6 


I ^ TT. . f(120 — ) r(120 — ) [t J r\ aa TV TT C c ac J>d J T TpC J Trie J 

T^*' uv J wx •'■yz l^vb ^lw *-'xot Wy i 6 c JJ«a ±-*vb -^xc *- J, y n zd 

+2e bc U b QT DL E5 L ic ] ( ]T 


^3 AT ^^3 


—^ U d31 TiMf£ 2 °- ) lljiia Lib Q b y a DL H u “ + e bc Lvba Lib L c y Lic H u a l V Vd *” Ud *» . (50) 

\/3 ** L J 1“ m djv 


4.2.2 Evaluating W, 


TT 


w:[" = 


|^/^ 20_) 4f 0_) [Dte DS 3 Qr L ia Q^f L, b + e“^e pCTA D| a D c , p D| 7 D e iX 


+ 2 e‘ 


*P-i 


L>l p D| a Q"f L ia D c i7 ] ^ 


^*3 

m tA r 


(51) 


rDT 


4.2.3 Evaluating 

W a OT/ = -^t/ d31 ^/ii 20_) [^ 7 L^ D|« D; 7 H u “ + DL Qj“ Lib H u “] g 

32 


t*31V ^*3W 


[e ak Lia D$a Lit Q“ Lie + L^ a Q“f D|„ U c ^ D C i 


JV=1 

,ap tV 


m t . 


+t a ^t ab L^a D| a Eb L ib 1ft. D| 7 + L^a DJ* Q a J* D|* Q 


a/3 


E 


1^3 M Ud 3 M 


E 


11 3.v Li 3 
mt N 


(52) 


4.3 Operators arising from H (126 )* M ? ; 7 - H( 126 W 


Wa = 


Si_ 4 

126 


-\ - H 


(126 )i /*(126+) 


Mi., H 


( 126)1 


(53) 


No contribution. Firstly, because Ud 41 = 0 and secondly because there is no 5 of SU(5) in 126 and hence a mass term 
involving 5 and 5 cannot be written. 


4.4 Operators arising from M ^ H^ 120 ^ 

Th 

^—i2\fl0 M a H (10r)i [ / (io r+ ) / (i26 +) - 1 / (i2o-)] M _ H 


The analysis of this case is similar to that of IT 2 and W 3 . Thus without further explanation we give the analysis 
below 


W 4 = -7 


( 120)1 


126 

r DD 


where 


+ wJ T 

+ 

W? T 

+ w? D , 



(54) 

w 4 DD 

= 

g<r) 

Mia Mjjb 

|_| (10r ) a 

|_j (120)6 

(55) 

wr 

= 

gF) 

=*xy 

Mi a Mj;^ 

|_|(10 r )c 

|_j(120)/9 

(56) 

wF T 

= 

gi r ) 

Mia Mjja 

|_|(10 r )a 

|_|(120)a 

(57) 

wI D 

= 

gF) 

^ xy 

Mia Mya 

|_j(10 r )a 

|_| (120)a 

(58) 


and 


Q ( . r ) = - 1 

=*xy g 


— ( l 2 yio) [/ ( 10 '- +) / (i26+)- 1 / (lao-)j 
1 126‘ 


(59) 
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4.4.1 Evaluating W[ >D 


rr rDDl 

w 4 = 


Ud 31 J2 Ud ri gV L±a L y b H u a H u b 

r= 1 

J r&£ui±,yz ^e ac e bd L da Lib L^ c E^ L z - d + L da Lib Q“-, a D| Q Qf D5/3 
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Z 
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^£W(£Li C 0s+) v daN ) i 
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m d . 


m d . 


The coefficient is defined in Appendix E. 


(60) 


4.4.2 Evaluating W 4 
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T T tTT / 
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+ \ of, 


The coefficient Jdi±,yz is explicitly given in Appendix E. 


Iv 2 


?W; 


2 c (120 —) \4-re=l G&& Ut r n J 1^3JV 


E 


mi. 


( 61 ) 


4.4.3 Evaluating VE 4 


DT 


Wf T ' = 


16 J§/f 20_) [r 37 Lee Die, Qf D|, Df + t ab L„ a Die, Lib Q T Li 


+Lie Die, Qf DE Qr Lib + t ao e api L da D^ E^ L i6 Df 
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X (£ {EL^I^m} {E ^ [/ t 3 iY F t3 


L M=2 
2 


mt/v 


+z 


^ U dri gVf £" 3 - ) [e“^ U^ 7 DS„ L tfo D^ H u “ + Qj a L ia L rf6 D c iQ H u 6 ] x ^ 


%/3 ■“ 

v r =1 


^*3iV Ut3N 

"Ifv 
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4.4.4 Evaluating W 4 


TD 


wZ D ' = 


- 16 ^ 4 f°- ) Ua D| 7 Q a / B% + e ab e a ^ L ia U(^ D| 7 E5 L i6 

+e ac D c ria L <a Q^ Q Lm E c s L ic + D c , a L<s„ Q^“ L ifj Qf D c , 

:: ^ ^ V ^ H 


m d . 


—*4%/2t/ d31 [e a/37 D^ a L ±a U c tf/3 D c , 7 H u a + D^ a L ia Qf L ife H u a ] 

_ « {e l=i& trN }{Y: 2 s=1 c^v tsN } 

x h 

+8 [ 2 t a ^ U^ Q Tt%p Ej Uf + 2e ab U C ^ Q T>%p Q f QT + 2 Q T Ua E^ UL 

Ql" U. Qf V] ± 

J AT -, m ^AT 


€bc€a/3 r y 


(63) 


4.5 Operators arising from H^ 120 )* IVLi H (126):? ’ 


W 5 = -^*^2 M* H (120)i /f 2 °-> Mfo- H (126 E 

Si_ xy 

126 


(64) 


This term does not generate any B — L = —2 operators involving only the SM helds because, firstly U dil = 0 and 
secondly because there is no 5 of SU(5) in 126 and thus a mass term involving 5 and 5 cannot be written. 

4.6 Operators arising from H^ 10r ^ H^ 126 ^ 


We = - iV 3 M ±i H (1 ° 7 ' )i f£° r+) Myj H (126) U 

si_ xy 


(65) 


Just as in the preceding case this term also does not generate any B — L = —2 operators involving only the Standard 
Model fields. 


5 Discussion of results 

The analysis of Sec.(4)shows that there are a large number of sources of B — L = —2 operators arising from matter- 
Higgs interactions. As discussed in Sec.(4), the cubic matter-Higgs interactions consist of couplings of type 16 ■ 16 • 10, 
16 ■ 16 ■ 120 and 16 • 16 ■ 126. After the singlet in 126 develops a VEV of size the GUT scale, the singlet in the 16-plet 
of matter gains a GUT size mass via the 16 ■ 16 ■ 126 coupling which violates B — L by two units. The elimination 
of the singlet of the 16-plet results in a large number of B — L = —2 violating interactions, and thus it is useful to 
indicate all the sources of such terms. For convenience of the reader we summarize the sources of the B — L violating 
dimension 5, dimension 7 and dimension 9 operators below: 
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Effective Operator 

B 

L 

dimLsM 

4 Fields 

La L b H U Q H u b 

0 

+2 

5 


e 1 w D‘ US) L a H U Q 

-1 

+1 

7 

5 Fields 

e ab L a L b L c E c H u c 

0 

+2 

7 


D), Q aa La L b H u b 

0 

+2 

7 


e a P7£ p CT A D c D c xjc D c D c uc 

-2 

0 

9 


e ab e cd L a L b L c L d E c E c 

0 

+2 

9 

6 Fields 

e a ^e ab L a L b E c 

-1 

+1 

9 


e a ^ D c a U c 7 D^, Q a P L a 

-1 

+1 

9 


e ah D c Q ca Lq Lb L E c 

0 

+2 

9 


D c a Dg Q aQ Q b/3 L a L b 

0 

+2 

9 


e aM e ab Q“ a Q bp Q C7 L c 

+1 

+1 

6 

4 Fields 

£ a/3 7 D c ^ n c E c 

-1 

-1 

6 


e ab D^ U c ^ Q aQ Q b P 

0 

0 

6 


U C Q Q a “ L a E c 

0 

0 

6 


Table 5: Summary of the B — L = 0 (bottom four entries) and B — L = —2 (all the remaining) operators that arise 
from matter-Higgs interactions involving 10, 120 and 126 of Higgs fields. The object dimLsM is the dimensionality 
of operators in the Lagrangian which have only the Standard Model particles with even R parity. 

B — L = —2 dimension 5 operator: L a L b H u “ H u 6 : This operator arises from a number of sources. The total 
contribution to it can be gotten from Eqs. (B21E51E5D- Next we consider the B — L = —2 dimension 7 operators. 
Here we have the following set of operators: (i) DO U 7 L a H u a : Contribution to it arises from Eos. (1441 
[52] [62j [63j: (ii) e ab L a Lb L c E c H u c : Contribution to it arises from Eas. (l42l l50l l60l) : (iii) DO Q a “ L a Lb H u 6 : 
Contribution to it arises from Eqs. G3 B3 E3 E3 HE EH EU ■ From Table 4 we see that there are six B — L = —2 
dimension nine operators: (a) e a P~i e P a> ' DO D^ U 7 D)j DO U^: Contribution to it arises from Eqs. (1431 1511 1611) : 
(b) e ab e cd L a Lb L c L d E c E c : Contribution to it arises from Eqs. £42] [50] [60]); (c) t a ^ t ab DO UO L a L b E c : 
Contribution to it arises from Eqs. (14411521 l62l 1631) : (d) DO D^ U 7 D), Q ap L a : Contribution to it arises from 
Eas. (l43l [44l I5T1 l52l [Ml l62l l63l) : (e) t ab DO Q c “ L a Lb L c E c : Contribution to it arises from Eqs. (l42l [44l l50l l52l l60l 
mm; (f) DO DO Q a “ Q b/3 La Lb : Contribution to it arises from Eqs. AH nui mi rsui isn irniiui ibin^i issi i. 

We also summarize the sources of the B — L = 0 operators. There are four of them as shown in Table 4. We 
list their sources as follows: (i) e a p-ytab Q““ Q ' Q C7 L c : Contribution to it arises from Eos. (1441 1611 1631) : (ii) 
£ a/3-y |jc -jjc gc. 0 on t r jt)rition to it arise from Eos. (144116111631) : (iii) e ab DO Q““ Q t/3 : Contribution to it 
arises from Eos. (14211441160116T116211631) : (iv) UO Q aa L a E c : Contribution to it arises from Eos. (14211441160116T116211631) . 

It is instructive to trace back to the primitive SU(5) invariant effective structures in the superpotential from which 
the set of operators listed in Table 4 arise. Thus the B — L = —2 four field interaction arise from a primitive SU(5) 
structure M ! MjH u ! H u -' while the B — L = —2 five field interactions arise from the SU(5) structure M^MjH„ fc 
and the B — L = —2 six field interactions arise from the primitive SU(5) structure MiMjlVT-'MfclVbM^. Here M; are 
the 5-plet of matter and M t;l are the 10-plet of matter fields and H u * is the 5-plet of light Higgs fields. The B — L = 0 
four field operators in Table 4 can be traced back to the primitive SU(5) structure in the su¬ 

perpotential. It is to be noted that the B — L = —2 four field and five field primitive SU(5) structures only contain 
up-Higgs, i.e., H u and the down-Higgs Hd does not appear. This helps explain why only H u appears in effective 
operators in Table 4. We note that SU(5) is, however, broken at the GUT scale, and thus these SU(5) structures are 
to be used only as mnemonics for book keeping to identify the origins of the effective operators at low energies. 

There are different scales associated with the effective operators listed in Table 4. Thus suppose M stands for 
the GUT scale and denote all GUT scale masses by M. In this case the B — L = —2 four field effective operator is 
suppressed by the factor 1/M which leads to neutrino masses 0(< H > 2 /M) which can lie in the desirable sub eV 
region. The B — L = —2 five field operator D c D c U c L a H u ° is suppressed by two powers of M in the superpotential. 
After dressing with loops involving a sparticle it will generate a dimension 7 operator in the effective Lagrangian 
suppressed by the factor 1 /( M 2 M S ) where M s is the effective weak SUSY scale. This operator can produce B — L = —2 
nucleon decay modes such p —> . In the usual GUT models, they would be suppressed relative to the proton decay 

arising from B — L = 0 dimension six proton decay operators. The six field operator D C D C U C D C D C U C is suppressed 
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by 1/M 3 in the superpotential and by a factor 1/(M 3 M 2 ) in the effective Lagrangian. It can induce n — n oscillations 
and such effects can be enhanced and become observable in models with low scales M. 


6 Conclusion 

The SO(IO) models are among the prime candidates for a unified framework, which include the strong, the weak, 
and the electromagnetic interactions. However, like most grand unified models, the 50(10) models also suffer from 
the so called doublet-triplet problem, which means that after spontaneous breaking of the GUT symmetry, the Higgs 
doublets (as well as the Higgs triplets) will all be superheavy, requiring a huge fine-tuning to make the Higgs doublets 
light. The missing partners mechanism is one of the ways in which a grand unified model can resolve this severe 
doublet-triplet problem. Recently, a variety of SO (10) models were proposed in a supersymmetric framework, which 
include a missing partner mechanism. Here, we discussed the simplest of such models which contains a heavy sector 
consisting of 126 + 126 + 210 Higgs multiplets, which breaks the GUT symmetry down to SU(3)c x SU(2)L x U(1)y- 
Combined with a light sector consisting of 2 x 10 + 120 and a mixing between the light and the heavy sectors, one finds 
that the model contains just a pair of light Higgs doublets while the remaining exotic fields in 2 x 10 + 120 become 
superheavy. We have carried out a detailed analysis of the Higgs sector and identified the exact linear combination 
of the fields that enter in the light Higgs doublet fields for this SO(10) missing partner model. 

Further, in this work we have given a full classification of B — L = —2 operators that arise from the matter-Higgs 
interactions. A list of these operators is given in Table 4 which include dimension five, seven and nine operators all of 
which are B — L violating. The dimension 5 operator is the well -known Weinberg operator which gives mass to the 
neutrinos, while the other operators can enter in GUT scale baryogenesis. Further, these operators can generate new 
kinds of proton decay modes [35]. Thus the conventional B — L = 0 baryon and lepton number violating operators 
give rise to the modes p —> e + n°,p —> vK + while B — L = —2 operators can generate proton decay modes such as 
p —> un + , n —> e~n + ,e~K + . Further the B — L = —2 dimension nine operator D C D C U C D C D C U C can induce n — n 
oscillations. Further, as discussed in Sec.(4), the decays of the heavy Higgs given by Eg. (12911 - Eg. (13511 which are B — L 
violating and which contain new sources of CP violation can be used to generate GUT scale baryogenesis which 
cannot be washed out by sphaleron interactions at the electroweak scale. In addition to the B — L = —2 operators 
discussed here there are a large number of B — L = —2 operators that arise from four field Higgs interactions such as 
from (126 x 126) r • (X x Y) r and (126 x 126) r • (X x Y) r where X , Y = 10, 45, 54, 120, 126, 126, 210 of Higgs 
fields(many of these operators are discussed in [2Sj). A complete analysis of B — L violating interactions from this 
set is outside the scope of this work and requires a separate analysis. 
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Appendix A: Notation 

In this Appendix we display the decomposition of 16—plet of matter and 10—, 120—, 126— and 210—plets of Higgs 
of SO(10) in terms of SU(5) representations. Thus we have 


16 

= 1 ( — 5) [Mi] + 5(3) [M«] + 10(-1) [MV] , 


10 r 

= 5(2) [H (10 ’' )i ] +5(—2) [Hf 0r) ] , 


120 

= 5(2) |A 120)i ] + 5(—2) [Hf 20) ] + 10(—6) [H (120)ij ] + 10(6) [h£ 120) ] + 45(2) [H^ 120)ij ] 


+45(—2) [H«] , 


126 

= 1(10) [h (T 25) ] + 5(2) [H (T25)i ] + 10(6) [h^J 2 ® 5 

+ 15(—6) [h<“ 6W ] + 45(—2) [H™ 


+50(2) [H™*] , 


210 

= 1(0) [h ( 210) ] +5(—8) [hl (210)i ] +5(8) [h' 210) ] 

+ 10(4) |hl (210)ij '] + T0(—4) [H' 210) ] 


+24(0) [Hj 120)i ] + 40(—4) [H I (210) «*] +40(4) 

[Hgr]+75(0) [H£f 0) -] , 
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where i, j = 1 , ...,5 are SU(5) indices, u, v, w, x, y, z= 1, 2 , 3 represent generation indices and r, s = 1, 2 count 
the number of 10 plet of SO(IO) used in our model of the missing partner mechanism. The following are the Standard 
Model particle assignments 


M± = v%\ M ia = D 


xol 


M iQ = 


E ± 


— Lt 


M ““ = I ol I = QS“; M2 


afi _ otfi'y j re , 
dc'y ) 


M? = e ab E c ± , 


(67) 


where a, /3, 7 = 1, 2, 3 are SU(3) color indices, while a, 6=1, 2 are SU(2) weak indices and the superscript 
denotes charge conjugation. 


Appendix B: Decomposition of SU(5) fields in terms of Standard 
Model states 

In this appendix we give a decomposition of the 24, 45, 50 and 75-plets of SU(5) in terms of SU(3)c x SU(2)l x U(1)y 
fields. These fields are needed in the spontaneous breaking of GUT and electroweak symmetry. 

Bl: Decomposition of 24-plet of SU(5) 

The 24-plet of SU(5), residing in 210 -plet of SO(IO), has the following SU(3)c x SU(2)l x U(1)y decomposition 

Hf 10)i (24) = ( 1 , 1 , 0 )S 2 4 21o + (1, 3, 0)U? + ( 8 ,1, 0)U§ + [(3, 2 , -5)U“ + c.c.], ( 68 ) 


where we have defined 


ii(210)q! ii(210)a 

II ry n n - ^2 


(69) 

The relationship above follows from the tracelessness condition on the tensor H^ 210 ^. The reducible tensors of the 
24-plet can be expressed in terms of the irreducible ones as follows: 


H 


(210)a _ t ja 1 


U£--^S 242io ; 


H 


(210)a ttck . 1 cao 

► U /3 + 7^S 24210 . 


(70) 


The kinetic energy of the 24-plet is given by 

- d A uf w)i d A uf 10)if = - [<9aS 2 4 210 a A st 42io + d A U a p d A Uf + d A U a b d A U^ + cUU^U^ 

+ DaU^U^ , (71) 

so that the SM fields are normalized according to 


| S ^ 210 ; 


Us -+ u“- 




U“ u“- 


U a -> U' 

^ a. 7 ^ a. • 


(72) 


B2: Decomposition of 45-plet of SU(5) 


The 45-plet of SU(5), residing in 120 and 126-plets of SO(IO), has the following SU(3)c x SU(2)l x U(1)y decompo¬ 
sition 


/(45i20 >T a 


|_|(120)ij\ / (45 i 2 o )r) a 

H U26 )ij j ( 45 ) = 2 ’ 3 ) [ (45i 26 )Da j + ( 3 ’ 1 > ~ 2 ) ^(45i 26 )T« 


+ (3, 3, -2)Vr + (3,1, 8 )V a + (3, 2, -7)V„ 


+ (6,1,—2)Vf + (8,2,3)V£° 


where we have defined 

/|_|(120)/3 a 


(126)/3a 


H (120)6a^ ^(45i 20 ) D a 

i_,(120)ba 

H 6 


1 (45i 26 )[)a I ’ 


,(120)/3a 

,(126)/3q 


H (120)6a\ /(45 i 20 H-a 

n 1 / 


,(126)ba 


(45i26)X a / * 


(73) 


(74) 
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The relationship above follows from the tracelessness condition on the tensor h^ 120 ^-' and H^ 126 '* 8 '’. The reducible 
tensors of the 45-plet can be expressed in terms of the irreducible ones as follows: 


j(120)a 

1 6 

,(126)a 


/ ( 4 5i2o)ja 

2 Ub \ (45126)T“ 


Hl 120) ““\ 1 /(45l20) D a 

P I _ v“ a -I- I 

|_|(126)aa I 4 3 P I (45i 2 6)D a 


ii(120)ab 

n a \ _ a b-. r 

u (126)a6 I — e v Q ; 


11 (120)a/3 

II 

11 (126)a/3 

II -y 


j(120)a/3 

•a 

,(126 )a/3 


- \T a P 


_ afi-y y 
— c v a 


^( 120 )ab 

i(126)ab 




(45i2o)Qa 
(45i26 )Q a 


-Si 


(45i2o)[)6 

(45i 26 )D 6 


v ap + - 
7 + 2 


(45i2o)y/3 


7 l (45i26)T/3 / 7 \ (45l26)T a 


(45i2o)yai 


(75) 


The kinetic energy of the 45-plet is given by 

/ |_|(120)ij\ /u(120)yt' 

n I o A / 

°A\ H (126)ij J° I H a 26) i 


)ij t 


d A 


(45i2o)q<i\ / (45i2o)Q a t 


(45i26)D<l 


+ Oa 


A -vt 

act 


(45126 )D“t 

+ 9nvr9 A v“ Qt + 9 A v Q d A vt + d A v aa d A v, 
+ + a A v^ a 9 A v“ at ], 

so that the SM fields are normalized according to 


(45 120 ) - p Q: \ / (45i20 )“p Q: t 

(45i 26 )T“ J d \ (45l26)T“t 


(76) 


( (45i2o)[)a\ l /g" /(45i2o)Q<> 

(45i 2 6)f) a y ^ 2 V 2 l (45i2a)D a 


( (45i20>pa\ ^ /(45i20)ya 

(45i26)T Q J ^ l ( 45 126 )T“ 


V a ^-±=V Q ; V aa ^-±=V aQ ; V?° -»■ -J=V£ a ; V?“ -T Vf-4-J=Vf. (77) 

One can now extend the above results to 45 of SU(5) contained in 120 and 126 plets. 

B3: Decomposition of 50-plet of SU(5) 

The 50-plet of SU(5), residing in 126-plet of SO(IO), has the following SU(3)c x SU(2) L x U(1)y decomposition 

nCT^ii^go) = (1; 1} _ 12)W + (3,1, -2) (5 °TW>r + (3, 2, —7)W“ /S + (6, 3, -2)W“£° + (6,1, 8)W^ 7 
+ (8, 2, 3)W^“, 

where we have defined 

|_|(126)afj7 _ |_|(126)a/37 _ _ u (126)ao 7 _ (SOjjg-J-po:. i_i(126)7o/3 _ \TtraP . 

' ' „ U II a I* an, - ' i ' I "J n - ' ’ n. l 


'exp 


a l a P _ TTT-aa 

A 7a = . 


Again the first relationship follows from the tracelessness condition on the SU(5) irreducible tensor 

LI (126)aai 1 [ 11(126 )o/3i ,,(126)afail 

Haa = — j |_ H o/3 + H af, J ■ 

The reducible tensors of the 50-plet can be expressed in terms of the irreducible ones as follows: 


(78) 

(79) 

(80) 


1 ( 126 ) 0/37 _ 1 


[ 5 «^ ( 5°T26>r 7 - ^<5“ (50 t56>t 7 - SpS2 (50 + ^<5“ (50 t56>t / 3 + «5^ 7(5 °i26>r“ - 5 7 <^ (5 Wt q ] ; 
H^ )a/3 “ = 5“ wt a - + 5% W““ - 5? W““; Hif® )a/37 = t a ^t ab W; 


17 7 T 17 cr T T 7 1 17 cr T T 7 * 7 7 

LJ (126)a/37 _ C7WO^ _ r/3 w o 7 . fO W /3 7 . 

1 ‘era * 7 cr a u a a i u cr a ? 

1 


H (126)a:a6 ab-T-wra 

P'1 C ™ pry, 


\_\(l26)ap a _ yyapa _j_ £ ^a j’ja(50j55->j-/3 £0 j • 


(126)a6a _ ca-w-wrctb 


H 


(126)abo _ 1 


cd 


c-a ro c-a C' 

— 7 |o C Od — Od4| 


[J ( 50 T26'7“; 


CW2” - J WS 


j(126)o/3a _ ja-yya/: 
'6c c y b 


(81) 


The kinetic energy of the 50-plet is given by 


9 A Wa A W f + aA (5 ° T ^ > T“ (50 TW>T Q + l9 A W“ /3 9 A W“ /3t + ia A w^ <I 9 A w“‘ 2t 


+ ^9 A w“£“c> A w“£ at + Ia A wg 7 9 A w^ 


3! 2! 


(82) 
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so that the SM fields are normalized according to 


W -4 —^W: 

2%/3 

( 50 T2F>T q _i. J_ ( 50 T^f)t q: • 

3 

w a/3 

vv a 

-wxtOlcl , 1 ^xrcta 

w » - 37! w ’ ; 

W Q f a —i 

6^2 ’ 



2^6 “ ’ 


W 


Pi - 


(83) 


One can now extend the above results to 50 of SU(5) contained in 126 plet. 


B4: Decomposition of 75-plet of SU(5) 

The 75-plet of SU(5), residing in 210-plet of SO(IO), has the following SU(3)c x SU(2)l x U(1)y decomposition 


,(210)ij 


(75) = (1,1,0)S 75 + (8,1,0)Xjg + (8, 3,0)X^“ + [(3, 2, -5)X£ + (6, 2, -5)X“f 


+ (3,1, —10)X Q + c.c.], 


where we have defined 


(210)at _ |_|(210 )aP _ _ w (210)aa _ 


1 ab 


i(210)a6 _ -yCK, 

"U h —— -^-n. i 


X ol i_i ( 210 )eta . 1 oQ: c? 

0 = 


0 ^75 210 • 


j(210)aa _ _ 1 ^|_|(210)a/3 + |_|(210)a6^ 


The first relationship above follows from the double tracelessness condition on the tensor H^ 10 ' , ‘ J : 

Ho 

The reducible tensors of the 75-plet can be expressed in terms of the irreducible ones as follows: 

Hi 2 d 10) “ 6 = \ (s a cS b d - s a d s b ) 


(84) 


(85) 


( 86 ) 


H ( 210 )cm _ 

fib - X /36 


■a ~\7~ Oi 

b-^p ‘ 


«<) S 7 5 210 ; 

u(210)a/3 

n 7 CT 

= i (<S“X? - 5“X 2 ) + i ( 


Sr5 210 ; 

1 ca col 0 

g 0 P ‘°210 ’ 

u(210)a/3 

n^ya 

_ ^ f X a Y@ XPv a 

a 2 -*»-a -*»-a 

); 


a P 7 V 

= e ab e ^ X 7 ; 

i_i( 210 )ao: 

H 6 c 

ca-%7-a ca v o: 

— O 5 JV C — 0 C -A.& . 


(87) 


The kinetic energy of the 75-plet is given by 

- d A u^ 0)ij d A Hf^ = - [<9aS 7S2io <9 A st 52io + d A Xcd A X.l + d A X a d A X. a1f + d A X.%d J 


A X“ f 


+ d A X.«d A Xf + d A X a a d A X a J + +4^^ X “f9 A X“f 

+ ~d A xz*d A x$ + iia A x^a A x"“i 


( 88 ) 


so that the SM fields are normalized according to 


® 75 2io ~^ ^2® 75 2io’ 


X“ 


1 sra 

Ve a ’ 


X 0 

x“ 


1 


X Q 


X Q 


X“ 




V6 


X“ 


V -<X0 _v 1 
"^" 7a ’ 


X2 


2 V 2 


v7 a . 
olBi 


X OL CL 

0b 


X aa 

Pb ■ 


(89) 


Appendix C: Details of GUT symmetry breaking 

Here, we give further details of the GUT symmetry breaking discussed in Sec. ©■ As mentioned in Sec. © the fields 
that enter in the GUT symmetry breaking are 126 + 126 + 210. A decomposition of the SO(IO) invariant interaction 
for these fields: 210 ■ 210, 126 ■ 126, 210 ■ 210 ■ 210 and 210 • 126 • 126 in SU(5) fragments is exhibited below. 


1 Vqut — rn<£ -t - rriA -(- AT [n/at; ^a^prC, 

= [6$c 


2 4 

1 

■26 


> ~CiCjC k ci&c lc c l c i c j + • • •] + LUA „ 5 [AciCjCicCiCrnAciCjCkCiCm + ' ' 


TA 06 [^^ >c > c 3' c fe c l ^ c k c l c mC n ^CmCnCiCj 


2 5 

+ 8 $. 


CiCjC fe Ci$c m C fe C„C i 3 , C i C„C 3 C m + ' ' 
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I 2 7 L Cj C fe c ( A Cfc q C m c n Cp A Ci c m c n Cp +' 


= m^> 


+A 


[ $ 

3 H (210)ij H (210)fci _J_ ly(210)i w (210)j _J_ _3 


+ 2 H i 


gQ ^ 1 210 ® 1 210 ' ’ ' 


+ niA 


^Si Si_ + - 

2 126 126 


1 u (210)ij u (210 )kl u (210 )mn . 1 u (210 )ij u (210 )ln u (210 )mk 1 u (210)ij u (210)fcZ u (210)n 

“ M fcZ '~'mn ''ij + Q H fcZ H m gH/cZ 


jm 


H 


1 u(210)« i_i(210)fc u(210)i , 1 u(210)ij u(210)fcf 


. |_| {4L\J)%3 Lj(,z±u;#c n^iu M ,uz±uj/ci G . * i_i(210)i i_i(210)j u (210)fc 

+ 24 H ki +gg H fcZ H y t5l 2 io Tna H >= 


210 108 J 


160 


H (210)i |_j(210)j 


Si „ - 


3 S? +•• 


210 3200 21 0 


+V 


— — Si Si_Si + ■ 

10 126 126 210 
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We show only those fields whose VEVs enter in the spontaneous breaking of the GUT symmetry. These include 
the 75 (H^ 10 lJ ') and 24 (H^ 210 *) in the 210-plet, and the singlets Si 210 , Si 126 , Si_ in the 210, 126-plet, 126-plet, 
respectively. A further reduction of Eq. m gives Eq. ©■ 

Finally, we redisplay Eqs. ( 17191 ) showing their explicit dependence on the parameters rj and A: 


S 24 [97) 3 A 3 S| 4 — 24?) 2 A 2 S| 4 (— 28\m& + 45j?m$) + 647)AS 24 (320A 2 m^ — 279r/\mA.m$ + 972rj 2 m%) 

*1U I 210 210 210 A / 

+3824 (Ajtia — 2 ryrms>) (4AmA + 3?7 to$) 2 ] = 0, 

5 [i?AS| 42io + 24S 2 4 210 (Ajtia - Sjjm*)] 

75210 6 [j7AS 2 4 210 + 8 (4Atjia + 3 r/m$)\ 


(91) 


(92) 


Si • Si 

126 126 


-—--- T 5?7 3 A S 24 

216?7 3 (?7AS 2 4 21o + 32Atjia + 24?)m$) L 2 

— 1728?7S 2 4 2l0 (7A 2 mA — 7r/\mArn<s,—6r] 2 m%) 

— 13824mA (3Am,A — 2r/m<s>) (4Ajjia + 3r/m<s>)]. 


32j? 2 AS! 42io (8AmA + 39r/m<s>) 


(93) 


Appendix D: Couplings of light and heavy Higgs sectors 

As discussed in Sec. ©, the doublet-triplet splitting involves couplings of light and heavy fields. In this appendix, we 
give further details of the couplings that enter in Eqs. and (1221) . There are eight such couplings: 10 ■ 126 ■ 120, 
10 ■ 126 ■ 210, 120 ■ 126 • 210, 120 ■ 126 ■ 210, 126 ■ 126, 210 ■ 210, 210 ■ 210 ■ 210 and 210 ■ 126 • 126. In the analysis be¬ 
low we first give the SU(5) decomposition of the relevant parts of these SO(10) invariant couplings and then further 
reduce them in the SU(3)c x SU(2)l x U(1)y invariant form to exhibit the Higgs doublets and Higgs triplets and their 
mixings. We here note that an analysis of these couplings in the Pati-Salam decomposition has been carried out in 
the first two papers of [37]. We give now the details of our analysis in SU( 5) x U{ 1) decomposition. 
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D3: 120 • 126 • 210 Coupling 
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D4: 120 • 126 • 210 Coupling 
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Heavy sector 

D5: 126 ■ 126 Coupling 
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D6: 210 • 210 Coupling 
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D8: 210 ■ 126 ■ 126 Coupling 
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Appendix E: Coefficients of B — L = — 2 operators 


In this appendix we exhibit some of the coefficients of the B — L = —2 operators appearing in Sec. ©• The coefficients 
1w±,yi and Jw±,y£ appearing in Eos. dfiOll and (RTlT) are given by 
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